detailed and spatially distributed from other site-specific Our objective was to use remotely sensed imagery to compare differcrop management methods is difficult and expensive ent vegetation indices as a means of assessing canopy variation and (NRC, 1997) . Where available, remotely sensed images remote-sensing imagery is that it is not limited by sam-Imagery data with 0.5-m spatial resolution were collected from aircraft pling interval or geostatistical interpolation, as has been on several dates during both seasons using a multispectral, four-band implied for grid-sampled soil test data (Moran et al.,
[blue, green, red, and near-infrared reflectance] digital camera system.
1997).
Imagery was imported into a geographical information system (GIS) and then georegistered, converted into reflectance, and used to com-For more than 30 yr, remote sensing has been envipute three vegetation indices. Grain yield for each plot was determined sioned as a valuable source of information for crop at maturity. Results showed that green normalized difference vegetamanagement. The pioneering research of Colwell (1956) tion index (GNDVI) values derived from images acquired during showed that infrared aerial photography could be used midgrain filling were the most highly correlated with grain yield;
to detect loss of vigor from disease in wheat (Triticum maximum correlations were 0.7 and 0.92 in 1997 and 1998, respectively. aestivum L.) and other small grains. One of the earliest Normalizing GNDVI and grain yield variability within hybrids imdigital remote-sensing analysis procedures developed to proved the correlations in both years, but more dramatic increases identify the vegetation contribution in an image was the were observed in 1997 (0.7 to 0.82) than in 1998 (0.92 to 0.95). This ratio vegetation index (RVI), created by dividing nearsuggested GNDVI acquired during midgrain filling could be used infrared reflectance (NIR) by red reflectance (Jordan, to produce relative yield maps depicting spatial variability in fields, offering a potentially attractive alternative to use of a combine yield 1969). The basis of this relationship is the strong absorpmonitor.
tion (low reflectance) of red light by chlorophyll and low absorption (high reflectance and transmittance) in the NIR by green leaves (Avery and Berlin, 1992 Red)/(NIR ϩ Red), was originally proposed as a means
The research plots were planted during the last week of of estimating green biomass (Tucker, 1979) . The basis April in both seasons at a seeding density of approximately for the relationship between NDVI and green biomass 74 000 seeds ha Ϫ1 . Liquid fertilizer (10-34-0) was applied in appears to be related to the amount of photosynthetithe furrow at planting at the rate of 94 L ha Ϫ1 , providing cally active radiation absorbed by the canopy (Sellers, approximately 18 kg P ha Ϫ1 . Nitrogen fertilizer, as ammonium 1985, 1987) . The NDVI relates the reflectance in the nitrate (NH 4 NO 3 ), was hand-applied when the crop reached red region (near chlorophyll a absorption max.) and the V4 growth stage (Ritchie et al., 1997) . The crop received NIR region to vegetation variables such as leaf area irrigation throughout the growing season (274 mm in 1997 and 129 mm in 1998) according to established irrigation-scheduling index, canopy cover, and the concentration of total chloprinciples. Weed control during both growing seasons was rophyll. Numerous researchers (Teillet, 1992;  Wade et accomplished through a combination of cultivation and herbial., 1994; Ramsey et al., 1995; Roderick et al., 1996b;  cide application. Climatological data were recorded for both Roderick et al., 1996a) have utilized the NDVI, de- Our objectives were to use remotely sensed imagery scanning instruments. The four bands used were: blue (450to compare three vegetation indices (NDVI, TSAVI, 520 nm), green (520-600 nm), red (630-680 nm), and NIR and GNDVI) as a means of assessing canopy variation (775-900 nm) . Data output of the Mark III and Vision One and estimating final grain yield for corn and to detersensors was 8-bit and 12-bit digital, respectively. Hence, the mine how normalizing treatment vegetation indices and 1998 sensor system was potentially 16 times more sensitive grain yields may affect their associations. than the 1997 system. The nominal spatial ground resolution was about 0.5 m for both sensors.
Four targets (1.2-by 2.4-m wood sheets painted white) were
MATERIALS AND METHODS
placed at the corners of the research plot area to assist with georegistering the image. Geological coordinates were ob-
Experimental Treatments and Field Design
tained for the targets with a DGPS receiver (Model 124, Trimble, Sunnyvale, CA) for use in the image georegistration pro-The study was conducted near Shelton, NE (40Њ45Ј01ЈЈ N, cess. For the purposes of imagery radiometric calibration, four 98Њ46Ј01ЈЈ W; elevation, 620 m above mean sea level) during 8-by 8-m tarps (BAE Systems, Austin, TX) with factorythe 1997 and 1998 growing seasons. The soil at this site is a suggested reflective values of 4, 8, 48, and 64% were placed Hord silt loam (fine-silty, mixed mesic Pachic Haplustoll). The near the experiment on each date just before image acquisicrop was grown under conventional tillage practices with a tion. Because tarp reflectance is known to vary with solar sprinkler irrigation system. Field plots used in this work were zenith angles and tarp dirtiness, tarp reflectance values were part of an ongoing study (1991-present) involving treatment corrected throughout both growing seasons using the procecombinations of four Pioneer hybrids ('3162', '3379', '3394', dures of Jackson et al. (1992) . They showed that reflectance and '3417') and five N application levels (0, 50, 100, 150, and from a Spectralon reference material (Spectralon, Labsphere, 200 kg N ha Ϫ1 ). A split plot arrangement of treatments was North Sutton, NH) could be described with a fourth-order used with hybrids as main plots, N levels as subplots, and four equation: replications in a randomized complete block design. Because hybrid and N treatments had been applied to the same areas ϭ a 0 ϩ a 1 ϩ a 2 2 ϩ a 3 3 ϩ a 4 4 [1] from the beginning of the original study, residual soil N levels were low in the control plots (0 kg N ha Ϫ1 ), and crop response where is reflectance, is the solar zenith angle, a 0 is a term to N was assured in these plots. Hybrids were selected because that accounts for the spectral properties of the material, and of their differences in maturity and canopy architecture (upa 1 through a 4 are polynomial coefficients. In-season nadir mearight architecture for 3394 vs. planophile orientation for the surements of reflectance of the four tarps were periodically other hybrids). The comparative relative maturity for the hymade throughout the season using a boom-mounted FieldSpec FR hyperspectral radiometer (Analytical Spectral Devices, brids were as follows: 3162, 118; 3379 and 3394, 113; and 3417, Boulder, CO) at a height of 11 m above the tarps and a Readings were collected before silking from the most recent fully expanded leaf (visible collar), and after silking, the ear Spectralon reference panel to estimate a 0 . Hyperspectral data collected from field calibrations during 1997 and 1998 were leaf was sampled. Measurements were taken midway between the leaf tip and base and midway between the leaf margin also used to determine the a 1 through a 4 coefficients. By calculating the reflectance of the tarps as a function of day-of-year and midrib from 30 representative plants selected from the center two rows of each plot. These measurements were then (tarp dirtiness) and solar zenith angle, accurate tarp reflectance values were calculated for the time and day of image averaged for each plot. Damaged plants or those unusually close together or far apart were not sampled. acquisition in both growing seasons.
Digital imagery data for the four bands were georegistered using TNTmips (MicroImages, Lincoln, NE) image-processing
Harvest Procedures and Statistical Analysis
software. Images for the four bands were overlaid, and an At maturity, three of the center four rows were machinearea of interest was identified that corresponded to each plot harvested to determine grain yield. Grain yields were adjusted (boundary minus border), leaving approximately 100 pixels to a constant moisture basis of 155 g kg Ϫ1 water. Grain yield, for each plot. The areas of interest were used to extract the vegetation index, and chlorophyll meter data were analyzed mean digital number (DN) representing each band for each via ANOVA with a mixed model, using the SAS PROC plot.
MIXED procedure (Littel et al., 1996) . For the yield data, The sensor DN values were converted to units of reflectance hybrids and N treatments were considered fixed effects, and (ratio of reflected to incident radiation flux, ranging from 0-1) blocks were considered random effects. For the vegetation using a linear calibration equation specific for each band and indices and chlorophyll meter data, the analysis was the same, date. The slope and intercept of the equations were derived by except imagery dates were included in the model and considregressing corrected tarp reflectance values vs. DNs extracted ered as repeated observations. Linear correlation analysis was from images for each tarp and date. Because each image had used to determine the association between the different vegefour tarps of known calibrated reflectance in the scene, the tation indices at each date and final grain yield. regression equations utilized at least two and up to four tarps, depending on whether or not the image was saturated in a given band. The coefficient of determination for each calibra- R3 stage (nine and eight dates in 1997 and 1998, respectively). which coincided with silking and flowering stages of years of the study. To evaluate relative yield response crop development. The reduced solar irradiance in late to N for each hybrid, grain yields were normalized by July of 1998 very likely diminished crop photosynthesis converting yield observations within a given hybrid to and assimilation rates during critical reproductive devela percent of average yields for all N levels and repliopment stages, resulting in decreased grain yields. The cates. This process, as expected, eliminated hybrid and apexes of ears produced in 1998 were observed to have hybrid ϫ N interaction effects but maintained the N reduced kernel set, which is indicative of a stress during effect in both seasons during which N application inreproductive growth (Andrade et al., 2000) that adcreased grain yields around 10 and 20%, respectively, versely affected seed set.
RESULTS AND DISCUSSION
in 1997 and 1998 (Table 1 ). The hybrid ϫ N interaction for grain yield was significant only in 1998, at P Յ 0.0877 (Table 1 ), suggesting
Treatment Effects on Vegetation Indices
that the hybrids used in this study respond similarly to applied N, which is similar to yield responses observed Vegetation indices were calculated from imagery data acquired on seven dates in 1997 and nine dates in 1998. in a previous study involving these same treatments and plots from 1991 through 1995 (Varvel et al., 1997) . The
To compare values for the three indices, data were averaged across all treatments and plotted vs. date of image hybrid and N main effects were significant in both seasons, and hybrid 3162 (the full season hybrid) produced acquisition ( Fig. 1a and 2a) . In both years, values for all three indices increased from the first date of image slightly higher grain yields than the other hybrids in both acquisition, peaking around tasseling, and declined there-seling, and declining thereafter. With the GNDVI, correlation values were relatively constant for all dates. after. The NDVI values generally exceeded the other two indices during most of the period that imagery was
The early season pattern in 1998 was similar to 1997, but unlike 1997, correlation values in 1998 declined for acquired in both growing seasons.
The ANOVA for the vegetation indices (Table 2) a short period after tasseling and then increased to their maximum values during the early to midgrain fill period. indicated that all three indices responded similarly to the treatment variables. For example, the hybrid ϫ N It is difficult to speculate on what caused the association between GNDVI and grain yield to decline temporarily rate and hybrid ϫ N rate ϫ date sources of variation were nonsignificant while the hybrid ϫ date and N after tasseling in 1998 while this was not observed in 1997. Perhaps it can be attributed to a combination of rate ϫ date terms were significant for all indices during both seasons. Similarly, the hybrid, N rate, and date the use of a more sensitive sensor along with the presence of newly initiated tassels in the image scene (with main effects were also consistently significant for all three indices during both years.
no chlorophyll), which may have in turn temporarily Because all indices responded similarly to the treatments, only the GNDVI values are presented ( Fig. 1b  and 2b) to illustrate treatment effects on the indices. The effect of N levels on GNDVI values was apparent throughout the majority of both growing seasons ( Fig.  1b and 2b ) during which the highest N level produced a maximum increase in GNDVI values of approximately 20% compared with the control N treatments. While the hybrid effect was less pronounced than the N effect ( Fig. 1c and 2c) , it was nonetheless significant in both seasons and similar to grain yield trends (Table 2) with 3162 maintaining slightly greater values than the other hybrids, particularly during early growth. In summary, the hybrid and N treatments used in our work generated a considerable amount of variation in both grain yield and vegetation indices.
Association of Vegetation Indices with Grain Yield
To explore the association between vegetation indices and absolute grain yields throughout both seasons, vegetation index values derived for each plot and imagery date were correlated with their respective grain yields ( Fig. 3a and 4a ). In general, correlations between vegetation indices and absolute grain yields were slightly higher in 1998 than in 1997. This difference was likely due to the greater sensitivity of the 1998 sensor used in our measurements (see methods) compared with that of 1997. were low early and then increased, peaking around tas- growing seasons. For example, N application increased meter values up to 20% relative to the control (data not shown), implying that the treatments created substantial variability in leaf chlorophyll content. Apparently, the GNDVI was more sensitive than the other two indices in detecting this variability, as suggested by Gitelson et al. (1996) . Indeed, a considerable amount of research with remote sensing of corn canopies (Blackmer et al., 1994; Schepers et al., 1992; Schepers et al., 1996) has shown that the green band (in combination with the NIR band) is more highly associated with variability in leaf chlorophyll, N content, and grain yield than the red band. These results demonstrate that many factors can potentially affect vegetation indices, including date of (Table 2) . Previous research (Schepers et al., 1992;  1998 season and for (b ) normalized vegetation indices and grain yield. Important phenological dates for the average of all hybrid Schepers, 1994; Peterson et al., 1993) of several factors (e.g., hybrid, stages of growth, environment conditions, and plant disease) on assessments of interfered with an accurate assessment of photosyntheticorn leaf chlorophyll for N management. Because chlocally active vegetation. Regardless, during both seasons, rophyll meter readings can be affected by so many facthe GNDVI values consistently produced the highest tors, it has been suggested (Schepers et al., 1992 ; Schepcorrelations with grain yield during midgrain filling with ers, 1994; Peterson et al., 1993 ) that readings should be values approaching 0.70 and 0.92 in 1997 and 1998, renormalized to an adequately N-fertilized reference strip spectively. This suggests that GNDVI values obtained in each field and for each hybrid. Hence, we employed during this growth stage would have the greatest potena similar strategy with the imagery data in this study. tial for estimating final grain yields.
Grain yields (Table 1) and vegetation indices were nor-To date, few studies have been conducted attempting malized by converting absolute values to a percent of to relate GNDVI to grain yield of agricultural crops. the average value across N levels and replications within However, previous work has shown an association bea given hybrid. Correlations of normalized indices with tween NDVI values and crop biomass accumulation, normalized grain yields were improved on nearly all leaf area index, leaf chlorophyll levels, and photodates and in both seasons relative to the unstandardized synthetically active radiation absorbed by the canopy data ( Fig. 3b and 4b) . For example, in 1997 , correlation (Tucker, 1979 Sellers, 1985 Sellers, , 1987 , which has in turn values increased from 0.7 to 0.82 during midgrain filling. been associated with crop yield (Wiegand et al., 1994;  While the increase in correlation values was not as dra- Aparicio et al., 2000) . However, when chlorophyll conmatic in 1998 as in 1997, there was nonetheless a slight tent, vegetation fraction, or leaf area index reach moderincrease in correlation values of normalized data, espeate to high values, NDVI (the red band) is apparently cially for the final four dates during which the highest less sensitive to these biophysical parameters (Buschvalue increased from 0.92 to 0.95 ( Fig. 4a and 4b) . Thus, mann and Nagel, 1993; Gitelson and Merzlyak, 1994;  normalizing the data standardized the variability in veg- Aparicio et al., 2000) . Gitelson et al. (1996) have proetation indices and grain yields created by our treatment posed that, under these conditions, the green band variables (especially hybrid effect) and improved their (GNDVI) is more sensitive than the red band (NDVI associations. This response was similar to results obor TSAVI) in detecting leaf chlorophyll variation. The served with the chlorophyll meter (Schepers et al., 1992 ; ANOVA for the chlorophyll meter data (Table 3) revealed significant hybrid and N treatment effects in both Schepers, 1994; Peterson et al., 1993) .
green channel in remote sensing of global vegetation from EOS-
SUMMARY AND CONCLUSIONS
MODIS. Remote Sens. Environ. 58:289-298. Gitelson, A.A., and M.N. Merzlyak. 1994. Spectral reflectance changes In summary, our work showed that use of the GNDVI associated with autumn senescence of Aesculus hippocastanum L. derived from remotely sensed imagery of corn canopies, and Acer platanoides L. leaves. Spectral features and relation to particularly during midgrain filling, was highly correchlorophyll estimation. J. Plant lated with grain yield. Normalizing GNDVI and yield
